Introduction
In the most recent assessment of state-of-the-art climate models, the fourth integrated assessment report of the Intergovernmental Panel on Climate Change (IPCC AR4), many of the models showed a common cold bias in the North Atlantic sea surface temperature (SST) (see Figure 8 .2 and supplementary Figure 8 .1(b) of WG1 report of AR4 (Randall et al., 2007) ). This error is a cold bias in the region south of Greenland at around 45 • N. In fact, the bias in the North Atlantic is one of largest errors in the SST in the multimodel ensemble mean. The root mean square error for all the models was found to be between 4 and 5
• C in the North Atlantic Current region, compared to 1-2 • C in most of the global ocean. The mean bias can be much larger in the winter months. Often this cold bias is accompanied by a warm bias close to the North American coast. These biases are largely due to the poor representation of the Gulf Stream and North Atlantic Current in the models (e.g. Willebrand et al., 2001; Eden et al., 2004) . The Gulf Stream separates too far north from the coast of the USA and the North Atlantic Current flow tends to be too zonal; instead of turning northward at the Grand Banks of Newfoundland it turns northward near the mid-Atlantic ridge region. These biases, though relatively small in spatial scale, provide heating anomalies that have the potential to Copyright c 2012 Royal Meteorological Society induce a large-scale atmospheric response (e.g. Hoskins and Karoly, 1981; Kushnir et al., 2002) and change the local SST gradients in a region that has been shown to have an impact on the atmospheric storm tracks (Brayshaw et al., 2011) , and therefore have the potential to have a significant impact on the atmospheric circulation downstream. Recent work by Balmaseda et al. (2010) has shown that anomalies in this region strongly affect the summer mean circulation over Europe. Previous studies have shown that when ocean models are run at high resolution (∼ 1 10
• ), the representation of the path of the Gulf Stream and the North Atlantic Current is much improved (e.g. Smith et al., 2000; Bryan et al., 2007) . As most current state-of-the-art climate models cannot accurately represent the path of the Gulf Stream and North Atlantic Current in the North Atlantic, the question that motivates this study is: 'What impact does the SST error, induced by poor representation of the Gulf Stream and North Atlantic Current in low-resolution climate models, have on the climate of the North Atlantic and European regions? ' A previous study that has looked at the impact on the atmosphere by improving the ocean model representation of the Gulf Stream and North Atlantic Current is by Weese and Bryan (2006) . They improved the representation of the Gulf Stream in the CCSM3 ocean model. However, when the improved ocean model was coupled to the atmosphere there were still large SST biases in the coupled model (of the order of 8
• C in the North Atlantic). By reducing the SST bias by ∼2
• C in the coupled model the impact was to reduce the model mean sea-level pressure biases over the polar regions (∼2 hPa) and the Azores high (0.5-1.5 hPa), but biases of ∼3 hPa remained. This suggests there is the potential for the SST biases to explain the large-scale circulation biases in a coupled model.
In this study, rather than try to directly correct the model's representation of the Gulf Stream and North Atlantic Current, we instead consider the impact of the SST bias on the atmospheric component of the model. This allows us to estimate the atmospheric response to the SST bias and the improvement that may be gained if it were substantially reduced. Our hypothesis is that the local SST bias in the North Atlantic, although small in spatial scale, can explain a substantial part of the biases we see in the large-scale atmospheric circulation over the North Atlantic and European region.
The outline of the paper is as follows: in section 2 we present a description of the model used, the biases in the mean atmospheric state of the coupled model compared to reanalysis data, and the experimental methodology; section 3 shows the results from our atmosphere-only experiments with and without the North Atlantic SST bias, and discusses the impact on the mean state and the variability of the North Atlantic; and the conclusions are presented in section 4.
Model description and experimental methodology
HiGEM is a high-resolution coupled atmosphere-ocean model that has been developed for climate simulations. The model is a higher horizontal resolution version of the UK Met Office Unified Model HadGEM1.2 and is described in detail by Shaffrey et al. (2009) . The atmospheric component of the model, HiGAM, has a longitude-latitude grid of 0.833 • × 1.25
• and 38 levels in the vertical with a model top at 39 km. The ocean model has a 1 3
• × 1 3
• ocean resolution and 40 unevenly spaced levels in the vertical, with greater resolution near the surface (∼10 m), decreasing smoothly to a resolution of 300 m at depth. At a resolution of a 1 3
• the ocean model is eddy permitting but does not fully resolve eddy processes. As noted in Smith et al. (2000) , the resolution of the ocean must be greater to fully resolve baroclinic eddies. However, long integrations of coupled climate models that fully resolve eddy processes are not possible with the computing resources currently available.
Coupled model mean state biases
The coupled model has previously been described in detail in Shaffrey et al. (2009) . Here we focus on the North Atlantic winter and present a brief summary of biases in the winter mean compared to ERA-40 (Uppala et al., 2005) for a few key atmospheric variables. All differences presented in Figure 1 are for model mean fields averaged over 50 winters (defined for the rest of the paper as December, January and February) minus a reanalysis mean field averaged over 45 winters, except for the SST biases, which are relative to the Atmospheric Model Intercomparison Project (AMIP) II (Hurrell et al., 2008) SST fields. Figure1(a) shows that the HiGEM coupled model also displays the large bias in the North Atlantic SST found in the IPCC AR4 models. In winter, the SST bias is over 8 K too cold in the mid North Atlantic, and 6 K too warm near the coast of North America. As highlighted in the Introduction, this is because of errors in the representation of the northward path of the warm waters in the Gulf Stream and North Atlantic Current. Figure1(b) shows the bias in the winter average mean sea-level pressure (MSLP), over the North Atlantic. There is a dipole bias pattern with a low-pressure centre over Iceland (2 hPa) and a high-pressure centre over the Azores (4 hPa). The MSLP bias over the North Atlantic resembles the spatial pattern of the dominant mode of atmospheric variability in the region, the North Atlantic Oscillation (NAO) (e.g. Wallace and Gutzler, 1981) . There is also a high-pressure bias of over 4 hPa that extends over Siberia and a large proportion of the Arctic. The bias can also be seen in the zonal winds at 850 hPa in Figure 1 (d), with the westerlies being too strong (∼2 m s −1 ) in the North Atlantic and over the UK and into northwestern Europe, consistent with geostrophic balance. The easterlies in the Subtropics are also found to be too strong (∼2 m s −1 ). Over the North Atlantic region the bias is equivalent barotropic, with the bias in the mid troposphere similar to that seen at the surface, with a dipole in the geopotential height at 500 hPa (Z500) (Figure 1(c) ). There is a bias of over 20 m for both centres of action of the dipole.
Experimental set-up
To investigate the impact of the large SST bias in the North Atlantic on atmospheric circulation in the coupled model we use the atmosphere-only version of HiGEM, which we will refer to as HiGAM. Experiments were carried out for winter only. Two model integrations were run: the control run and the perturbed run. In the control run HiGAM is forced with observed SSTs and sea ice concentrations taken from AMIP II. In the perturbed run HiGAM is forced with observed SSTs with the winter mean SST bias superimposed in the Impacts of North Atlantic SSTs North Atlantic. We found that the HiGEM SST bias pattern in the North Atlantic was approximately constant over the winter period and therefore used the winter mean model bias. The mean winter bias is shown in Figure 1 (a). We used a mask for the perturbation so that it was only applied to the North Atlantic region. To reduce edge effects the perturbation was smoothed linearly over 8
• of latitude over the southern boundary at 28.33 • N. This was not possible for the northern boundary because of the presence of land masses and sea ice, so we used the zero contour in the SST bias as the edge of the perturbation. The edges of the boundary for the east and west have been set by the basin edges. Within the given boundaries the perturbation is only applied to permanently ice-free regions. This avoids putting an anomalous SST field where sea ice was prescribed by the AMIP II data. (The perturbation used for the experiments is shown in Figure 5 (a)).
The effect the SST biases have on the absolute SST field in winter can be seen in Figure 2 . This shows the winter mean for the AMIP II SSTs (Figure 2 It can be seen that applying the perturbation changes the location of the maximum SST gradient within the basin.
The control integration is an AMIP II run of HiGAM. In this study we analyse the 19 winters from 1983 to 2001.
The perturbed integrations with the model SST bias added to the observed SSTs are run for each winter for 6 months from 1 September initial conditions, taken from the control integration. Each 6-month integration includes 'spin-up' time from September to November. We analyse results for the winter period (DJF).
Results and discussion
To identify the impact of the SST bias in the North Atlantic we compare the perturbed and control experiments. We first consider the impact that perturbing the SST has on the surface fluxes to determine the impact on the thermodynamics of the system in section 3.1. Having shown that the SST perturbation produces a large local heat flux perturbation to the atmosphere we present in section 3.2 the differences in winter mean atmospheric state for the same atmospheric fields presented in Figure 1 . Finally, in section 3.3 we present the differences in the model winter variability.
Impact of the SST perturbation on surface fluxes
Any SST perturbation will influence the atmosphere by altering the surface fluxes. As noted in earlier studies (Frankignoul, 1985; Kushnir and Held, 1996 ) the relationship between an SST perturbation and the subsequent heating in the atmosphere can be complex. To investigate the impact the SST perturbation has on the local and largescale atmospheric circulation we first consider the changes in atmospheric heating via surface fluxes and latent heating. experiments (e.g. Kushnir and Held, 1996) ; the heat flux response is co-located with the SST perturbation, with a very slight shift upstream (west) of the perturbation; this is more apparent for the large cold anomaly. As well as seeing a sensible heat flux response co-located with the anomalies we also note a change over the Labrador Sea region. This is due to the advection of cold air from the north (circulation changes are shown in Figure 5 ) over a sea-ice-covered region and hence we do not see the same response in the latent heat flux.
The surface sensible heat flux associated with the SST change is approximately 10 W m To determine how much of the latent heating at the surface is released in the local atmospheric column as condensational heating, we consider the local precipitation changes. The impact of the SST perturbation on the precipitation is shown in Figure 4 (a). The precipitation response is closely tied to the SST perturbation: precipitation amounts are reduced where the SST perturbation is negative and enhanced where the SST perturbation is positive. The negative precipitation anomaly accounts for approximately half of the local changes in evaporation due to the SST perturbation, i.e. 50% of the excess moisture is condensed locally, releasing latent heat. This is similar to the result of Kushnir and Held (1996) , who found that about 50% of the surface latent heat flux was realized as local latent heating due to condensation and the rest is transported out of the region.
The biases in the coupled model precipitation compared to CMAP climatology (Xie and Arkin, 1997) are shown in Figure 4 (b). There is a large precipitation bias north of 55
• N of over 3 mm per day. Both the perturbed and control experiments have a similar precipitation bias relative to CMAP climatology, hence the small differences in this region in Figure 4 (a). This shows that SST biases in the North Atlantic are not the main cause of the precipitation differences north of 55
• N. Figure 4 (b) does, however, have similarities to Figure 4(a) . There is a reduction in precipitation over the central North Atlantic, where the coupled model has a cold SST bias relative to observations and there is an increase in precipitation over the warm SST bias off the coast of North America. The HiGEM biases are not as strong as the precipitation difference produced in the perturbed atmospheric model experiments, which suggests other processes within the model are also important. The large bias over the subpolar gyre region is not explained by the SST bias in the North Atlantic.
Mean state
Having shown the impact of SST perturbation on surface fluxes we go on to examine the response of local and large-scale mean atmospheric circulation.
The impact of SST perturbation (Figure 5(a) ) on the MSLP field is shown in Figure 5(b) . Figure 5 shows that SST perturbation is not just having a local influence on the atmospheric circulation but is impacting the large-scale downstream flow. The response is a dipole in pressure over the North Atlantic with a low-pressure centre just north of Iceland of magnitude ∼3 hPa and a high-pressure centre of over 4 hPa slightly to the north of the Azores. There is also a significant impact further downstream, with a highpressure anomaly of ∼4 hPa over Siberia. Comparing this to Figure 1(b) we find that the imposed SST perturbation produces a very similar MSLP dipole response to that of the coupled model MSLP bias. The response in our HiGAM experiment is of similar magnitude over the North Atlantic region for the positive centre of the dipole, and slightly stronger (∼1 hPa) for the negative centre. This suggests that the SST biases in the coupled model play an important role in explaining the MSLP bias seen in the model. It should be noted that even though we only have a relatively small sample size in these experiments (19 winters) the results are significant above the 95% level for the fields shown in Figure 5 . The significance threshold changes locally but, as a general guide for the response, any change for MSLP of ±2.5 hPa and U850 ±2 m s −1 are significant at at least the 95% level. The Z500 response is only significant at the 90% level in the regions of negative height changes, which is not too surprising given the fact that the anomaly is applied at the surface and the sample size is relatively small.
Despite the striking similarity between Figures 1(b) and 5(b) it is important to note the differences as well. The positive pressure bias over the southwest USA present in HiGEM is not found in the HiGAM response. The pressure response over Siberia is ∼3 hPa weaker in magnitude in HiGAM than the HiGEM model bias. The positive pressure anomaly over Siberia in HIGAM does not extend over the Arctic ocean as it does in HiGEM (Figure 1(b) ) and the HiGAM pressure response over the Arctic is negative. This suggests that not all of the HiGEM MSLP error over Siberia can be explained by a downstream response to the North Atlantic SST errors. Finally, overall the HiGAM response pattern in MSLP in the North Atlantic is shifted 5-10 • northwards. We will discuss the potential causes of these differences at the end of the section.
Given the surface pressure differences shown in Figure 5 (b) we would expect through geostrophic balance that there would be anomalously strong westerlies at mid latitudes in the mean state differences between the perturbed and control HiGAM experiments. The response of the zonal winds at 850 hPa to the SST perturbation in HiGAM is shown in Figure 5(d) . The results are of similar pattern and magnitude to the coupled model biases within the North Atlantic basin and western Europe (Figure 1(d) ), except for a northward shift, which is consistent with the shift in the MSLP pattern.
The response in the mid troposphere is shown in Figure 5 (c). The change in geopotential is a reduction in height over the polar regions and an increase in height over the Atlantic in the mid latitudes. The magnitude and pattern of the coupled model biases at 500 hPa are broadly similar to the differences between the perturbed and control runs. The results from the surface and the mid troposphere suggest that the response to the SST perturbation is approximately barotropic. This can be seen more clearly in the longitude-height cross-sections shown in Figure 6 . The figure shows the average geopotential height and meridional wind for the latitude band 40-60
• N (encompassing the latitudes over which the cold SST perturbation is applied (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) • N)). The longitudes of the centres of the warm (W) and cold (C) SST perturbations are marked.
At the surface the response is somewhat similar to what we might expect from the linear response studied by Hoskins and Karoly (1981) . Hoskins and Karoly (1981) used a linear stationary wave model and found that the linear response to a mid-latitude heating anomaly was balanced by meridional flow drawing colder air from the pole, producing a low-pressure anomaly to the east of the heating perturbation. As discussed in the review paper of Kushnir et al. (2002) , many studies show that a linear response to a heating anomaly can be strongly modified by eddy feedbacks, leading to a barotropic response to the perturbation. It was also shown that the details of the response are sensitive to the background state of the model, in particular where the heating is in relation to the westerly jet stream. In the Gulf Stream separation region the response to the warm SST anomaly is baroclinic; the geopotential height at 500 hPa ( Figure 5(c) ) is of opposite sign to that of the MSLP, but the changes in circulation at the surface and in the mid troposphere in HiGAM are not substantial. The warm SST anomaly may still be important for the overall response and will be discussed later. The response over the cold SST perturbation is significant. In the North Atlantic Current region the reduction in surface heat fluxes into the atmosphere, because of the cold SST perturbation, is balanced by meridional flow of warmer air from the south (Figure 6(b) ) and a high-pressure anomaly to the east (Figure 6(a) ). The response aloft is not consistent with the linear response of Hoskins and Karoly; instead of a baroclinic response our results show the response is closer to equivalent barotropic. The cold anomaly is within the storm track region (shown and discussed in section 3.3) and the effect of the transient eddies leads to an equivalent barotropic response in this region with a surface high pressure and positive geopotential height. This suggests that in this model the eddies are playing a key role in the atmospheric response to the SST perturbations. There is a downstream barotropic response in the atmosphere because of the eddies modifying the baroclinic response to the SST perturbations. The coupled model bias in Figure 1 also displays a barotropic pattern over the North Atlantic, with the biases at 500 hPa and at the surface being co-located.
Comparison of the coupled model bias (Figure 1 ) with the difference between the perturbed and control runs ( Figure 5) shows that the SST bias in the North Atlantic causes a large-scale response in the North Atlantic and downstream into Eurasia. There is a northward shift in the response in the atmosphere-only model experiments compared to the coupled model bias. The northward shift of the response pattern could be caused by many different and interacting factors and to some extent may be expected; Kushnir et al. (2002) note in their review paper that the large-scale response to an SST anomaly can be sensitively dependent on the background state of the model and also the location of the storm track relative to the anomaly. The climatologies of HiGAM and HiGEM, are not identical. For example, the intertropical convergence zone is slightly further north in the atmosphere-only model and there will be differences in sea ice edge in the coupled model, which will have a large impact on heat fluxes from the ocean to the atmosphere in winter. Another element of analysis is that we have only considered the North Atlantic SST biases found in HiGEM and there are also biases in other parts of the ocean and atmosphere that may play a role. One element is the local heating bias caused by the large precipitation bias over the North Atlantic subpolar gyre region in the model (shown in Figure 4) . Finally, there are also coupled feedbacks between the atmosphere and ocean in HiGEM that are not represented in our experiments.
In summary, the differences between the HiGAM perturbed and control experiments show that the perturbations to the SST in the Gulf Stream and the North Atlantic Current region lead to local surface heat flux changes and changes in precipitation. The anomalous heat fluxes produce a circulation response of similar pattern and magnitude to those seen in the coupled model mean winter state biases compared to observations. The response is not confined to the vicinity of the SST anomaly and there is a wave-like response in the mid troposphere, extending over the pole and Siberia, with a small impact on the North Pacific region. This suggests that an important way of improving the model mean state for the North Atlantic/European region would be to have better representation of the Gulf Stream and North Atlantic Current.
Variability
In the previous section we have shown that the North Atlantic SST biases in the coupled model contribute to the time-mean atmospheric biases we see in the North Atlantic. We now go on to show the impact of SST bias on the variability of the model atmosphere.
First, we consider the impact of SST anomalies on the synoptic-scale variability in the North Atlantic region. We diagnose the storm track by calculating the variance of 2-to 6-day band-pass Lanczos-filtered (Duchon, 1979) 6-hourly MSLP data for each winter. Figure 7(a) shows the storm track (MSLP variance) in reanalysis data (ERA-40) and, as noted in many previous studies, the track has a 'southwestnortheast' tilt, with the maximum variance centred on the western side of the Atlantic. Comparing the reanalysis data with the coupled model (Figures 7(a) and (b), we see that in HiGEM the storm tack is in a similar location, but the peak of the MSLP variance extends further west and has a greater maximum value (65 hPa 2 compared to 55 hPa 2 in ERA-40). The same change in storm track behaviour is seen when we compare the control and perturbed model integrations (Figures 7(c) and (d) respectively) . When the coupled model bias is included, the storm track is more vigorous and extends further westward across the basin. It should also be noted that the perturbed run shows a greater 'southwest-northeast' tilt in the storm track than is found in the control integration, which is slightly closer to the orientation of the storm track in HiGEM and in observations. As noted in the previous section, the storm track response is consistent with the barotropic large-scale response we find in the mean state differences.
The difference in storm track activity is shown in Figures 8(a) and (b) for the difference between the perturbed and control HiGAM runs and HiGEM coupled model bias respectively. In both cases the activity is intensified near the coast, where baroclinicity is increased due to the warm SST anomaly increasing the surface temperature gradient at the coastline (see Figure 2) . The maximum change in SST gradient is at approximately 45
• N (not shown) and the maximum MSLP variance is located at a latitude 5-10 • further north, consistent with Brayshaw et al. (2008) , who looked at the storm track response to SST. The peak of activity is located off the coast of Newfoundland. The increase in storm activity does not continue downstream across the whole of the North Atlantic basin. This may be because of the presence of the cold anomaly, which reduces the moisture availability in the region and also weakens the SST gradient within the region of 50-58
• N and 43-20
• W (not shown). This will act to inhibit the deepening of storms in this region and reduce the MSLP variance. The difference between the HiGAM experiments (Figure 8(a) ) is larger than the bias in HiGEM (Figure 8(b) ), which might be because the coupled feedbacks are not present in HiGAM. Interestingly, it appears from these results that the warm SST anomaly may be the most important part of the North Atlantic SST perturbation for the storm track response. Considering the winter mean barotropic response presented in the results above and the storm track response shown here suggests first that the eddies dominate the storm track response and secondly that both parts of the SST perturbation in the North Atlantic play a role, even though the warm bias is far smaller in spatial extent than the cold bias in the mid North Atlantic.
To assess the impact of the North Atlantic SST bias on the coupled model's representation of the natural variability, we consider the spatial pattern of the leading mode of variability for the region, the North Atlantic Oscillation (NAO). In this case we define the NAO as the leading mode of variability (EOF1) using principal component analysis of MSLP for the Atlantic region (90 • N). We have calculated the EOF1 using monthly mean MSLP anomalies for December, January and February for each of the winters. EOF1 is shown in Figure 9 for ERA-40 (45 winters), HiGEM (50 winters), and the HiGAM (atmosphere-only) integrations (19 winters) for the control and perturbed runs respectively. Comparing Figures 9(a) and (b), the low-pressure centres over Iceland are similar between ERA-40 and HiGEM. There are large differences between the high-pressure lobes of the dipole. In ERA-40 the high-pressure lobe has a larger magnitude and is located over the Azores region. In HiGEM the high-pressure centre is slightly weaker (by about 100 Pa), spread over a larger area and located further east over continental Europe.
Although the NAO is considered to be an atmospheric mode of variability, it has the potential on seasonal timescales to be modulated by the ocean (e.g. Rodwell and (d) we see that when the SST perturbation is applied the centres of action of the MSLP dipole weaken and therefore the meridional gradient in pressure across the Atlantic also weakens. The centre of the high-pressure lobe of the dipole also shifts slightly to the east. The differences in the NAO pattern in HiGEM compared to ERA-40 are similar to the changes in pattern between the perturbation and the control atmosphere-only model experiments. This suggests that reducing the SST bias in the coupled model would likely also improve the spatial pattern of the NAO.
Conclusions
This study has investigated the impact of the North Atlantic SST bias found in the HiGEM model on the model winter mean state and variability. This SST bias is common to many coupled climate models. In winter HiGEM has an SST bias that is over 8 K too cold to the east of the Grand Banks of Newfoundland because the path of the North Atlantic Current is too zonal. There is also a warm bias of over 6 K near the east coast of North America because the Gulf Stream in the model separates further north than observed. Using an atmosphere-only version of the coupled model-HiGAM-we have carried out experiments with and without the North Atlantic SST bias to test our hypothesis that this can explain the biases in the large-scale atmospheric circulation in HiGEM.
We summarize the main findings of our results below.
The SST bias in the North Atlantic is likely the major cause of the coupled model atmospheric circulation bias in the North
Atlantic and European region. Our results show that there is a qualitative and quantitative agreement between the largescale atmospheric response in the HiGAM experiments and the coupled model bias.
The transient eddy response to the SST perturbation plays a key role in the mean winter atmospheric response in the North Atlantic. There is a downstream equivalent barotropic highpressure anomaly in the mid North Atlantic, suggesting that there is an eddy-dominated response to the SST perturbation. The response pattern in the atmosphere-only (HiGAM) experiments is ∼5
• to the north of the coupled model (HiGEM) bias (compared to reanalysis data) and is likely due to the differences in mean state between HiGEM and HiGAM and the local heating perturbation caused by precipitation biases in the sub-polar gyre region, which are not caused by the North Atlantic SST biases.
The SST bias also has an impact on the model's atmospheric variability. The positive bias in storm track strength in HiGEM is also found when the SST bias is
